Repeated pulses of serotonin (5-HT) induce long-term facilitation (LTF) of the synapses between sensory and motor neurons of the gillwithdrawal reflex in Aplysia. To explore how apCAM downregulation at the plasma membrane and CREB-mediated transcription in the nucleus, both of which are required for the formation of LTF, might relate to each other, we cloned an apCAM-associated protein (CAMAP) by yeast two-hybrid screening. We found that 5-HT signaling at the synapse activates PKA which in turn phosphorylates CAMAP to induce the dissociation of CAMAP from apCAM and the subsequent translocation of CAMAP into the nucleus of sensory neurons. In the nucleus, CAMAP acts as a transcriptional coactivator for CREB1 and is essential for the activation of ApC/EBP required for the initiation of LTF. Combined, our data suggest that CAMAP is a retrograde signaling component that translocates from activated synapses to the nucleus during synapse-specific LTF.
INTRODUCTION
Cell-adhesion molecules (CAMs) are cell-surface glycoproteins that mediate cell-to-cell and cell-to-extracellularmatrix adhesions. In the nervous system, CAMs are involved in cell migration, neurite outgrowth, and synaptic plasticity (Fields and Itoh, 1996) . Some of the functions of CAMs are mediated by their cytoplasmic domains which interact with various intracellular proteins such as kinases, phosphatases, second messengers, and adaptor molecules (Juliano, 2002) . Downstream signaling pathways from these CAMs have been found to be critical for both activity-dependent plasticity and development (Murase and Schuman, 1999) . However, the molecular consequences mediated by CAMs during learning and memory are not well understood at the level of individual synaptic connections.
In Aplysia, long-term facilitation (LTF) of the monosynaptic connections between identified sensory and motor neurons of the gill-withdrawal reflex results in an increase in synaptic strength that contributes to the storage of long-term memory for sensitization (Kandel, 2001) . LTF is induced by five pulses of 5-HT and requires the activation of CREB1 in the nucleus. Activated CREB1 subsequently induces the downstream transcription factor ApC/EBP and acts on downstream genes that encode proteins that are important for synaptic growth and that lead to the stable self-maintained form of LTF (Alberini et al., 1994 ). An initial step, thought to be permissive, for the initiation of learning-related growth is the clathrinmediated internalization and consequent downregulation of the transmembrane isoform of apCAM (TM-apCAM; Mayford et al., 1992; Bailey et al., 1992 Bailey et al., , 1997 .
We were, therefore, interested in knowing how the internalization of TM-apCAM is related to the initiation of transcription. TM-apCAM interacts with intracellular signaling molecules via its cytoplasmic tail. Indeed, modification of the cytoplasmic tail is critical for the learning-related internalization and downregulation of TM-apCAM . However, the identity of molecules that bind to TM-apCAM remains unknown. To gain insight into the 5-HT-induced intracellular signaling cascades leading to the internalization of apCAM during LTF, we first screened the proteins that bind to the cytoplasmic tail of apCAM (apCAM-C).
We used the yeast two-hybrid system and cloned an apCAM-C-binding protein that we named CAMAP (CAM-associated protein) . Approximately 100 residues of CAMAP are in contact with the cytoplasmic tail of apCAM. Repeated applications of 5-HT to the synapses of the sensory neurons induce LTF and lead to translocation of CAMAP into the nucleus of sensory neurons in a PKA-dependent manner. In the nucleus, CAMAP binds to CREB1a and is recruited to the promoter regions of ApC/EBP, where it acts as a coactivator to enhance the transcription mediated by CREB1a. Indeed, CAMAP is necessary for both LTF and the induction of ApC/EBP. Based on these results, we suggest that CAMAP is one of the retrograde signals from the synapse to the nucleus where it acts as a coregulator of CREB1a in presynaptic gene expression associated with the induction of LTF in Aplysia.
RESULTS

CAMAP Associates with the Cytoplasmic Tail of TM-apCAM
We performed yeast two-hybrid screening in the Aplysia CNS library ($5.4 3 10 6 colonies) using apCAM-C (residues 819-932) as bait. Eleven of the twelve positive clones shared an identical sequence that encodes a fragment of the same protein that we termed apCAM-associated protein (CAMAP). Using the 32 P-labeled 600 bp probe (CAMAP#9; Figure S1 ), we cloned a full-length (FL) CAMAP by conventional Aplysia cDNA library screening ( Figure S1B ). Semiquantitative RT-PCR, northern-blot and western-blot analysis, and immunostaining in various tissues and cultured sensory neurons revealed that CAMAP is highly expressed in the CNS, specifically in the sensory neurons of Aplysia ( Figure S2 ). apCAM-interacting domain of CAMAP was identified by filter b-galactosidase assays using various partial sequences of CAMAP ( Figure 1A ). Deletion of 681-780 sequences in CAMAP led to a loss of interactions with apCAM ( Figure 1A , lanes 5-7 and 9), whereas CAMAP proteins containing 681-780 residues exhibited a strong interaction with apCAM ( Figure 1A , lanes 1-4, 8, and 10). Thus, the 681-780 residues of CAMAP (100 residues) contain a domain that is necessary and sufficient for the interaction with apCAM-C.
We confirmed the interaction between CAMAP and ap-CAM in vivo by coimmunoprecipitation (coIP). CAMAP was found to interact with TM-apCAM both in mammalian HEK293T cells transiently overexpressed with CAMAP and TM-apCAM ( Figure 1B ) and in the central ganglia of Aplysia that express them endogenously ( Figure 1C) . We visualized the endogenous localization of CAMAP and TM-apCAM by immunostaining in sensory neurons cocultured with motor neurons. The presynaptic sites of the sensory neurons were defined by overexpression of the synaptic marker protein synaptophysin-EGFP (Kim et al., 2003) . Both TM-apCAM and CAMAP were colocalized at Immunoprecipitation (IP) data using anti-CAMAP antibody. Lower panel: IP data using anti-HA antibody. Preimmune serum or rabbit (rb) IgG were used for control IP. (C) In vivo binding of endogenous CAMAP with apCAM. CAMAP and apCAM were coimmunoprecipitated by anti-CAMAP antibody or preimmune serum from Aplysia ganglion extracts. (D) CAMAP and apCAM were colocalized in the cell body and presynaptic varicosities of Aplysia sensory neuron cocultured with postsynaptic motor neuron. Green indicates endogenous apCAM, red indicates endogenous CAMAP, and blue indicates synaptophysin (SynPH)-EGFP. Merge: Yellow represents overlapping green and red, and white represents overlapping green, red, and blue. Scale bar is 25 mm. the presynaptic varicosities of sensory neurons where synaptophysin-EGFP fluorescence was evident (Figure 1D) . The presence of CAMAP along with apCAM in presynaptic boutons suggests a possible role for CAMAP in synaptic plasticity.
CAMAP Translocates into the Nucleus by 5-HT Signaling During LTF, the TM-apCAM is internalized and downregulated from the presynaptic membrane (Mayford et al., 1992; Bailey et al., 1992 Bailey et al., , 1997 . We therefore asked what happens to CAMAP during LTF. In the basal state, CAMAP was found predominantly in the cytoplasm of the sensory neuron ( Figure 2A ). Following cell-wide application of five pulses of 5-HT, which induces LTF, CAMAP was localized predominantly in the nucleus (Figures 2A  and 2B ; no 5-HT, n = 11 versus 5-HT, n = 12; t test *** p < 0.001). To examine whether CAMAP acts as a retrograde signaling component that translocates into the nucleus during synapse-specific LTF, we applied five pulses of 5-HT locally onto the regions of synaptic contact between the sensory and motor neurons Casadio et al., 1999) . Synaptic activation by 5-HT was sufficient for the nuclear translocation of CAMAP (Figures 2C and 2D ; no 5-HT, n = 28 versus 5-HT, n = 17; t test ** p < 0.01). Collectively, our data demonstrate that repeated applications of 5-HT either in a cell-wide or synapse-specific manner (two protocols that induce LTF) lead to the translocation of CAMAP to the nuclei of sensory neurons.
We further examined the movement of CAMAP proteins at the distal neurites of sensory neurons expressing EGFP-CAMAP proteins using fluorescence recovery after photobleaching (FRAP) analysis ( Figure S3A ). We found that 5-HT stimulation significantly increased the amount of recovered EGFP-CAMAP proteins at bleached neurites ( Figure S3B ). Quantification of the mobile fraction indicates that 5-HT signaling enhances the mobility of CAMAP in the distal neurites of sensory neurons ( Figure S3C ). This data further supports the idea that CAMAP is one of the retrograde signals moving from the activated synapses into the nucleus to initiate synapse-specific LTF.
Dissociation and Translocation of CAMAP Are Dependent on PKA Many of the components of the retrograde signaling cascade for the initiation of long-term plasticity require local protein synthesis (Martin et al., 2000) . For example, Martin et al. (1997) and Casadio et al. (1999) have previously shown that the synapse-specific LTF is dependent on an emetine-sensitive component of local protein synthesis. We therefore examined whether synapse-specific retrograde transport of CAMAP is dependent on the local protein synthesis. When emetine was applied together with 5-HT onto the synaptic sites, we still detected significant CAMAP nuclear translocation (Figures 2C and 2D ; 5-HT + emetine, n = 10; t test * p < 0.05). We next examined whether the PKA-signaling pathway, which plays a critical role during the initiation of synapse-specific LTF (Casadio et al., 1999; Byrne and Kandel, 1996) , contributes to the CAMAP translocation. When we applied Rp-cAMP locally together with 5-HT to block the PKA pathway at the synapses (Casadio et al., 1999) , the nuclear translocation of CAMAP returned to basal levels (Figures 2C and 2D ; 5-HT + Rp-cAMP, n = 11; t test * p < 0.05). Thus, during synapse-specific LTF, translocation of CAMAP into the nucleus is mediated by PKA, not by the local protein synthesis.
Based on these findings, we asked: Does PKA also regulate the 5-HT-induced dissociation of CAMAP from ap-CAM? Our sequence analysis revealed that CAMAP has two possible PKA phosphorylation sites, Ser33 and Ser148 ( Figure S1B ). In vitro phosphorylation assay next confirmed that Ser148 is a genuine phosphorylation site by PKA ( Figures 3A and 3B ). We further found that purified CAMAP proteins were phosphorylated in the ganglion extracts obtained from 5-HT-treated animals ( Figure 3C ). This phosphorylation was blocked by KT5720, a specific inhibitor for PKA, indicating that 5-HT-activated PKA phosphorylates CAMAP directly ( Figure 3C ). In transfected HEK293T cells, the application of forskolin, a drug which activates cAMP-PKA signaling, induced dissociation of CAMAP from apCAM and serine phosphorylation of CAMAP ( Figure S4A ). Both dissociation and phosphorylation were blocked by concurrent treatment of KT5720 ( Figure S4B ). To test whether CAMAP phosphorylation directly induces the dissociation of CAMAP from apCAM, we generated CAMAP mutants by replacing the Ser148 with either glutamate (S148E) or alanine (S148A) to mimic or abolish the phosphorylation, respectively. We found that CAMAP(S148E) was not coprecipitated with apCAM, whereas CAMAP(S148A) showed a higher level of coIP compared with wild-type (WT) CAMAP ( Figure 3D ). Furthermore, CAMAP(S148A) did not dissociate from apCAM even after forskolin treatment. In cultured sensory neurons, coexpression of CAMAP(WT) and apCAM showed significant colocalization of these proteins both in the cytoplasmic face of the cell body and in the neurites ( Figure 3E ). CAMAP(WT) was detected in the nucleus as well, possibly by a basal PKA activity and the overexpression of CAMAP. Interestingly, CAMAP(S148A) was not detected in the nucleus and was exclusively localized within the cytoplasm of the cell body and the neurites where apCAM was expressed. On the contrary, CAMAP(S148E) was mainly localized within the nucleus and was barely detected in the cytoplasm and the neurites ( Figure 3E ). Thus, CAMAP phosphorylation by PKA on its Ser148 residue is critical for the dissociation of CAMAP from apCAM, and the dissociated CAMAP ultimately translocates into the nucleus.
Dissociation of CAMAP Is Critical for apCAM Internalization
We next asked: Is CAMAP dissociation critical for the internalization of apCAM during 5-HT signaling in Aplysia sensory neurons? We found that fluorescence intensity of surface apCAM decreased significantly following exposure to 5-HT as previously reported (Han et al., 2004; Figures 3F and 3G ; apCAM only: 5-HT À, n = 21 versus 5-HT +, n = 23; t test ** p < 0.01). We further examined the effect of CAMAP mutants on apCAM internalization. Coexpression of CAMAP(S148A), which is highly associated with apCAM and showed no dissociation from apCAM even after PKA activation ( Figures 3D and 3E ), blocked apCAM internalization from the plasma membrane after 5-HT treatment ( Figures 3F and 3G ). Combined, these data indicate that the dissociation of CAMAP from apCAM induced by 5-HT signaling is a prerequisite for the internalization of apCAM and that this dissociation acts to facilitate apCAM internalization at the plasma membrane of sensory neurons.
CAMAP Acts as a Transcriptional Coactivator to Induce ApC/EBP during LTF How does CAMAP work in the nucleus? One attractive idea is that CAMAP acts as a transcriptional activator to induce immediate early genes for LTF. We focused on ApC/ EBP, an immediate early gene that is an essential transcription factor required for LTF (Alberini et al., 1994;  (E) Intracellular localization of wild-type and mutant CAMAPs with apCAM in cultured sensory neurons. CAMAP(WT) and CAMAP(S148A) showed significant colocalization both in the cell body and neurites, whereas CAMAP(S148E) did not. White dotted line indicates the plasma membrane of the cell body. (F and G) CAMAP dissociation is critical for the apCAM internalization following 5-HT treatment. (F) Representative images of neurites of sensory neurons stained for surface apCAM. Images were taken before (0 hr) and after (1 hr) 5-HT treatment for one hour. Sensory neurons expressing HA-tagged apCAM without or with CAMAP(S148A) were used for surface apCAM staining. Scale bar is 25 mm. (G) Bars represent the mean percent fluorescence intensity ± SEM of surface apCAM at 1 hr normalized with images at 0 hr. + indicates 5-HT-treated neurons. À indicates mock-treated neurons. Lee et al., 2001 ). During 5-HT signaling, transcriptional activators such as CREB1a are recruited to the promoter region of ApC/EBP to induce the mRNAs (Guan et al., 2002) . Thus, we performed chromatin immunoprecipitation (ChIP) using anti-CAMAP antibodies. In Figure 4A , we illustrate schematically the promoter region of ApC/ EBP and the pairs of primers we used for ChIP assay (5b-3b and 5a-3a). When Aplysia was exposed to 5-HT in vivo, CAMAP was found to be recruited to ApC/EBP promoter regions, including CRE sites detected as significant PCR products ( Figure 4B ). We further confirmed the recruitment using quantitative real-time PCR. Again, CAMAP recruitment to the ApC/EBP promoter region was significantly increased by 5-HT treatment compared to a nontreated control (Figure 4C left panels; one-way ANOVA * p < 0.05). Similarly, the acetylations of H4 and H3 are increased in an ApC/EBP promoter following 5-HT stimulation ( Figures 4B and 4C , middle and right panel; one-way ANOVA * p < 0.05). We therefore concluded that in vivo, 5-HT signaling induces recruitment of CAMAP to the promoter of ApC/EBP. This ChIP data raised a fundamental question: What is the relationship between CAMAP and CREB1a in mediating transcription? To address this question, we performed coIP using anti-CREB1a antibodies and detected significant binding of CAMAP to CREB1a ( Figure 4D ). These data suggest that CREB1a and CAMAP form a transcriptional complex in vivo. We further examined the DNA binding of these proteins onto the ApC/EBP promoter by electrophoretic mobility shift assay (EMSA) using purified CAMAP and CREB1a proteins. Whereas CREB1a bound directly to the ApC/EBP promoter ( Figure 4E , lane 1) as previously reported (Guan et al., 2002; Kim et al., 2006) , CAMAP did not exhibit any direct interaction with the ApC/EBP promoter ( Figure 4E, lanes 2 and 3) . Consistent with the coIP data, we observed that the mixture of CAMAP and CREB1a proteins bound to the ApC/EBP promoter as a complex and showed the supershift of radioactive bands ( Figure 4E , lanes 4 and 5). This suggests that CAMAP acts as a transcriptional coactivator that modulates the CREB1a-mediated transcription of ApC/EBP.
To examine the transcriptional activity of CAMAP, we also performed a luciferase reporter assay driven by the ApC/EBP promoter. Expression of the FL CAMAP showed no transcriptional activity ( Figure 4F ; CAMAP(FL), n = 11). However, the N terminus of CAMAP (CAMAP(1-680)) showed significant transcription on the ApC/EBP promoter with an $3-fold enhancement of luciferase activity ( Figure 4F ; vector control (À), n = 27 versus CAMAP(1-680), n = 16; t test ** p < 0.01). Based on our EMSA data, transcriptional activation by CAMAP is presumably mediated by endogenous activity of CREB1a. Indeed coexpression of the dominant-negative form of CREB, K-CREB (''killer'' CREB; Lee et al., 2006) , blocked this enhancement ( Figure 4F ; CAMAP(1-680) versus CAMAP(1-680) + K-CREB, n = 9; t test * p < 0.05), indicating that CREB1a-mediated CAMAP recruitment is required for the ApC/EBP transcription. We also found that expression of the constitutively active form of CREB1a, VP16-CREB1a (Barco et al., 2002) , enhanced the luciferase activity $7.7-fold ( Figure 4F ; VP16-CREB1a, n = 8). Furthermore, coexpression of CAMAP(1-680) and VP16-CREB1a induced luciferase activity synergistically, showing that CAMAP(1-680) enhanced the transcriptional activity of VP16-CREB1a by $13.6-fold ( Figure 4F ; VP16-CREB1a versus VP16-CREB1a + CAMAP(1-680), n = 7; t test * p < 0.05). Combined, these data suggest that CAMAP activates the ApC/EBP promoter as a transcriptional coactivator by direct interaction with CREB1a.
CAMAP Is a Critical Factor for LTF and the Induction of ApC/EBP To block the endogenous expression of CAMAP, we performed RNA interference (RNAi) by injecting doublestranded RNA (dsRNA) of CAMAP into the sensory neurons (Lee et al., 2001) . Immunocytochemical analysis showed that the injected dsRNA of CAMAP successfully blocked endogenous expression of CAMAP compared with the dsRNA of firefly luciferase used as a control (Figure S5) . We then measured the initial EPSP value 24 hr after the microinjection of dsRNA and induced LTF by applying five pulses of 5-HT to the cultures in a cell-wide manner.
CAMAP dsRNA completely blocked LTF, whereas the control luciferase dsRNA did not (Figures 5A and 5B ; dsLuci, n = 12 versus dsCAMAP, n = 18; t test *** p < 0.001). Neither dsRNAs affected short-term facilitation (STF) induced by one pulse of 5-HT (Figures 5A and 5B ; dsLuci, n = 7 versus dsCAMAP, n = 5) or basal synaptic transmission (data not shown). To test whether synapsespecific LTF is also blocked by RNAi of CAMAP, we applied five pulses of 5-HT directly onto the synaptic area of sensory-to-motor neuron cocultures. This induced both synapse-specific STF and LTF as previously reported (Casadio et al., 1999) . dsRNA of CAMAP blocked LTF, whereas the control dsRNA of luciferase did not ( Figure 5C ; dsLuci, n = 7 versus dsCAMAP, n = 7; t test ** p < 0.005). In the same synapses, STF was not affected by dsRNA of CAMAP compared with luciferase dsRNA ( Figure 5C ; dsLuci, n = 7 versus dsCAMAP, n = 7; t test p > 0.1). These data indicate that CAMAP is specifically involved in and required for the formation of synapse-specific LTF at the synapses between the sensory and motor neurons.
If CAMAP is a genuine transcriptional coactivator for CREB1a, then CAMAP activity must also be critical for the induction of ApC/EBP during LTF. To detect endogenous ApC/EBP, we directly immunostained ApC/EBP using anti-ApC/EBP antibodies and measured the fluorescent intensity in the cell body of cultured sensory neurons. We observed that the application of five pulses of 5-HT enhanced ApC/EBP protein levels significantly one hour after the last application ( Figure S6 ). Consequently, microinjection of CAMAP dsRNA into sensory neurons significantly blocked this transient induction of ApC/EBP (Figures 5D and 5E ; t test ** p < 0.01), indicating that CAMAP is also necessary for the induction of ApC/ EBP during 5-HT-induced LTF. 
CAMAP Has at Least Two Functional Domains: N-Terminal Transactivation Domain and C-Terminal Autoinhibitory Domain
We found that the N terminus of CAMAP has a transcriptional activation domain on the ApC/EBP promoter ( Figure 4F) . To more clearly demonstrate the activation domains within CAMAP, we used the Aplysia one-hybrid system (See Experimental Procedures). If the CAMAP constructs have any transcriptional activity, enhanced lacZ activity will be detected. We observed a substantial enhancement of transactivation with N-terminal fragments ( Figure 6A ; CAMAP(1-403), n = 10; CAMAP(1-680), n = 17; CAMAP(1-780), n = 9; t test * p < 0.05, ** p < 0.01), whereas other constructs, harboring only C-terminal fragments or apCAM-binding regions, displayed no transcriptional activity. These results further support the idea that the N terminus of CAMAP functions as a transcriptional activator in Aplysia neurons. We noted that neither the FL CAMAP (n = 4) nor the internal deletion mutant CAMAP(D584-780)(n = 3) containing both N-and C-terminal fragments showed any transactivation (Figure 6A ). When we coexpressed the C-terminal fragment CAMAP(681-980), the transcriptional activity of N-terminal CAMAP(1-680) was completely blocked ( Figure 6A ; CAMAP(1-680) + CAMAP(681-980), n = 16). We further demonstrated the inhibitory role of the C-terminal region of CAMAP on the N-terminal domain of CAMAP at the promoter region of ApC/EBP by luciferase assay ( Figure 4F ). Enhanced luciferase activity by CAMAP(1-680)(n = 16) returned to control level by coexpression of CAMAP(681-980) (CAMAP(1-680) + CAMAP(681-980), n = 10; Figure 4F; t test * p < 0.05). Taken together, these data demonstrated that the C terminus of CAMAP constrains the transactivation domain on its N terminus via autoinhibition. To test whether this autoinhibition is due to intramolecular interaction between domain structures, we coimmunoprecipitated the N-and C-terminal fragments of CAMAP and examined them with immunocytochemistry. Figures 6B and 6C showed that these two domains interact with each other directly, corroborating the hypothesis that the C-terminal domain of CAMAP autoinhibits the transcriptional activation domain on its N-terminal domain by direct interaction.
We next asked: How is the transcriptional activity of the N-terminal domain restored from the autoinhibition by the C terminus? We performed the luciferase reporter gene assay using transfected HEK293T cells. Interestingly, the ineffectiveness of FL CAMAP on the transcription of ApC/EBP promoter was relieved by forskolin treatment ( Figure 6D ; + / GW1, n = 13 versus + / GW1-CAMAP, n = 14; Mann-Whitney test, * p < 0.05). This data supports the idea that the phosphorylation of CAMAP might be required for the relief of autoinhibition. Consistently, CAMAP(S148A), which is not phosphorylated by PKA ( Figure 3B ), showed no enhancement of transcription following forskolin treatment ( Figure 6D ; + / GW1-CAMAP versus + / GW1-CAMAP(S148A), n = 10; Mann-Whitney test, ** p < 0.01). Thus, the autoinhibition by C-terminal CAMAP can be relieved by PKA signaling pathway, and the phosphorylation of Ser148 is critical for this process. The expression of CAMAP(1-403), which has a higher transcriptional activity than CAMAP(1-680)( Figure 6A ), produced a higher amount of ApC/EBP mRNAs than the expression of CAMAP(1-680)( Figure 7B ). By contrast, neither the expression of FL CAMAP nor nonexpression or GFP expression induced ApC/EBP mRNA expression ( Figure 7B ; control, n = 37; GFP, n = 3; CAMAP(FL), n = 5). Furthermore, the induction of ApC/EBP mRNA elicited by 5-HT was significantly reduced by overexpression of CAMAP(681-980) in sensory neurons ( Figure 7B ; 53 5-HT, n = 29 versus 53 5-HT + CAMAP(681-980), n = 9; t test *** p < 0.001). ApC/EBP overexpression induces LTF when combined with a single pulse of 5-HT, which by itself produces only STF (Lee et al., 2001  Figure 7C ). Consistent with our observation that the N-terminal fragment of CAMAP can induce ApC/EBP mRNA ( Figure 7B ), we found that the N-terminal fragment of CAMAP (CAMAP(1-403)) can convert STF to LTF 24 hr after treatment with a single pulse of 5-HT ( Figure 7C ; GFP, n = 9; ApC/EBP, n = 15; CAMAP(1-403), n = 7; one-way ANOVA *** p < 0.001). By contrast, overexpression of the C-terminal domain of CAMAP (CAMAP (681-980) ), which blocked ApC/EBP induction, (E) Schematic model for the role of CAMAP in LTF. 5-HT signaling via 5-HT receptors (5-HT R) activates synaptic PKA which phosphorylates CAMAP. The phosphorylation enables CAMAP to be dissociated from transmembrane (TM) isoform of apCAM and alleviates the transcriptional autoinhibition. While liberated apCAM is endocytosed and downregulated via phosphorylation (P) and/or ubiquitination (Ub; Bailey et al., 1997) , phosphorylated CAMAP translocates into the nucleus possibly via importin (Imp) pathways. Nuclear CAMAP coactivates CREB1a-mediated transcription of ApC/EBP, which turns on downstream target genes in collaboration with phosphorylated ApAF to induce long-term facilitation and synaptic growth. GPI-apCAM indicates glycosyl phosphoinositol-linked isoform of apCAM. also blocked LTF, indicating that the C terminus acts as a repressor for LTF ( Figure 7D ; GFP, n = 11 versus CAMAP(681-980), n = 21; t test *** p < 0.001). Taken together, our data indicate that CAMAP has at least two different functional domains: one (N-terminal domain) is an activator for LTF via ApC/EBP induction and the other (C-terminal domain) is a repressor for LTF by inhibiting ApC/EBP induction.
DISCUSSION
In this study, we have identified a cell-adhesion-associated molecule (CAMAP) that translocates to the nucleus of the sensory neuron following repeated applications of 5-HT at the synapse and coactivates CREB-mediated gene transcription required for LTF ( Figure 7E ). These findings demonstrate the importance, for learning-related synaptic plasticity, of signal propagation into the nucleus from the surface membrane of activated synaptic sites mediated by a molecule directly interacting with a cellsurface adhesion molecule and suggest a presynaptic molecular mechanism to turn on the gene transcription required for LTF. Moreover, our model provides new insights into the mechanisms underlying synapse-specific forms of long-term plasticity which require gene transcription in the nucleus and synaptic growth in individual synapses following synaptic activation.
Interaction between apCAM and CAMAP: Its Regulation during LTF Downregulation and internalization of TM-apCAM, but not GPI-linked apCAM isoform lacking the cytoplasmic domain, are important for LTF and learning-related synaptic growth in Aplysia (Mayford et al., 1992; Bailey et al., 1992; Han et al., 2004) . Thus, TM-apCAM may regulate critical downstream signaling molecules through its cytoplasmic domain. Consistent with this idea, we have identified a protein, CAMAP, which directly involves in the gene transcription during LTF. apCAM is enriched at the axonal arbor and synaptic varicosities in Aplysia neurons (Keller and Schacher, 1990) . Indeed, our data demonstrated that ap-CAM and CAMAP were colocalized both at the cell body and at neurites including presynaptic boutons ( Figure 1D ), indicating that apCAM-CAMAP complex is important for the synaptic signaling and synaptic growth during LTF.
Previous studies have shown that the cytoplasmic domain of TM-apCAM has a PEST sequence (Mayford et al., 1992) and phosphorylation by MAPK and/or the ubiquitination of apCAM via the PEST sequence is important for the downregulation of apCAM during LTF . We found that the phosphorylation of CAMAP is critical for the dissociation of CAMAP from apCAM and that this dissociation is necessary for the internalization of apCAM (Figure 3) . These results suggest that CAMAP dissociation may facilitate the modification and ultimately internalization of apCAM. Consistent with this idea, a family of scaffolding proteins is thought to be crucial for the immobilization of receptors or CAMs to stabilize synaptic structure by formation of protein complexes with them (Li and Sheng, 2003) . Similarly, CAMAP may serve as a presynaptic scaffolding protein that stabilizes TM-apCAM in the basal state. 5-HT signaling induces dissociation of CAMAP from TM-apCAM, and this may allow the internalization and downregulation of TM-apCAM at sensory neuron axonal arbor, leading to new synaptic growth and LTF.
Nuclear Translocation of CAMAP: A Retrograde Signaling Component for the Initiation of LTF Our endogenous immunocytochemistry after synapsespecific activation and FRAP data supports the idea that 5-HT signaling can induce the retrograde translocation of CAMAP into the nucleus from the distal neurites (Figures 2 and S3 ). Previous studies have suggested that the synapse-specific 5-HT stimulation generates both the retrograde signal and the synaptic tag (or mark) for LTF . Further molecular dissection revealed that synapse-specific LTF can be divided into at least two general time-dependent phases, initiation and maintenance, each with its own molecular requirements Casadio et al., 1999; Kandel, 2001) . The initiation of LTF is critically dependent on PKA-dependent signaling pathway and an emetine-sensitive component of local protein synthesis. In this phase, the retrograde signal which can be blocked by emetine is generated to stimulate the CREB-dependent gene expression in the nucleus . These gene products then can be captured in the other tagged synapses; this tag requires PKA but not local protein synthesis to express LTF at 24 hr after its onset Casadio et al., 1999) . By contrast, the long-term maintenance of synapse-specific LTF-the facilitation that persists for more than 72 hr-requires a rapamycin-sensitive component of local protein synthesis (Casadio et al., 1999) . The discriminative roles of the initial activation of PKA and local protein synthesis have not been clearly demonstrated. However, here we find that the nuclear transport of CAMAP is primarily dependent on PKA signaling and independent of local protein synthesis ( Figures 2C and 2D ). Although these are more consistent with the known characteristics for the synaptic tag than with the retrograde signaling molecule characterized in Aplysia sensory neurons, the result that CAMAP dsRNA blocks synapsespecific LTF at 24 hr ( Figure 5C ) suggests that CAMAP is a critical retrograde signaling component required for transcription in the nucleus and for the initiation of LTF. Our results do not, however, exclude the likelihood that another local protein-synthesis-dependent component is involved in the translocation of other retrograde messengers or may serve other functions, perhaps marking the synaptic site of initiation for growth by removing inhibitory constraints, such as TM-apCAM, at the presynaptic membrane (Han et al., 2004) .
Nuclear transport of macromolecules is known to be mediated by importin proteins (Goldfarb et al., 2004) . Recently, Thompson et al. (2004) have found that importins are actively transported into the nucleus during transcription-dependent long-term forms of synaptic plasticity both in Aplysia and rodents. We found that CAMAP is coimmunoprecipitated with Aplysia importin a3 in HEK293T cells ( Figure S7 ). Thus, while further investigations are needed, it is possible that nuclear transport of CAMAP might be mediated by importins during LTF from activated synapses into the nucleus.
CAMAP as a Molecular Switch to Turn on ApC/EBP Transcription during LTF ApC/EBP is an immediate early gene required for the consolidation of LTF in Aplysia (Alberini et al., 1994) . For the transcription of ApC/EBP, CREB1a, and histone acetyltransferase CBP/p300 form a transcriptional complex (Guan et al., 2002) . Signaling activation by 5-HT receptor recruits them on the promoter of ApC/EBP and initiates the transcription of ApC/EBP during LTF. Our findings further demonstrate that nuclearly translocated CAMAP directly interacts with CREB1a and acts as a transcriptional coactivator for the induction of ApC/EBP (Figures 4 and 5) .
We further defined that CAMAP has two functional domains, the N-terminal domain as a transcriptional activator and the C-terminal domain as a transcriptional inhibitor via autoinhibition. The existence of distinct functional domains within CAMAP raises the question whether entire CAMAP or only N-terminal CAMAP following degradation moves into the nucleus and activates transcription. We found no evidence for a degraded form of CAMAP in the Aplysia CNS extracts after 5-HT application (unpublished data). In addition, our antibody recognizing the C terminus of CAMAP successfully detected the translocated CAMAP into the nucleus (Figure 2 ) as well as immunoprecipitated ApC/EBP promoter regions (Figure 4) . Therefore, CAMAP itself is not degraded during and after translocation into the nucleus. We further found that the ineffectiveness of FL CAMAP on the transcription was relieved following PKA activation (Figure 6 ). Activated PKA phosphorylates CAMAP on Ser148 (Figure 3) , and this serine residue was critical for the transcriptional activity of CAMAP ( Figure 6D ). Thus, it is likely that phosphoregulation of CAMAP during LTF alleviates the autoinhibition. Phosphorylation-mediated conformational changes are critical for removing autoinhibitory domains within various molecules (Shen et al., 1998; Betschinger et al., 2005; Tran et al., 2005) . These molecules tightly regulate signaling activation within the cell and keep the silent state of the cell in the absence of stimulation. Thus, our model that demonstrates the pivotal role of CAMAP during LTF provides new insights into the importance of strict regulation in gene transcription within the sensory neurons for the initiation of LTF.
EXPERIMENTAL PROCEDURES
Yeast Two-Hybrid Screening and Analysis of apCAM-CAMAP Interaction Yeast two-hybrid screening and assays were performed using the EGY48/pSH18-34 yeast strain containing LEU2 and b-galactosidase as reporter genes. Cytoplasmic tail (residues 819-932) of apCAM was used as bait to screen approximately 5.4 3 10 6 clones of Aplysia cDNA libraries and to analyze the specific binding domains within various CAMAP fragments.
Cloning FL CAMAP
To obtain a FL CAMAP, the standard hybridization screening of the Aplysia CNS cDNA library was carried out using the 32 P-labeled CAMAP #9 DNA probes ($600 bp) that were initially isolated in the yeast two-hybrid screening. Further 5 0 -and 3 0 -rapid amplification of cDNA ends (RACE) were performed according to the manufacturer's instructions (SMART RACE cDNA amplification kit; Clontech).
CoIP and Western Blot HEK293T cells or Aplysia central ganglia were solubilized in the 1% NP-40 lysis buffer (Supplemental Data). One milligram of total extracts was incubated with each antibody, and immunocomplexes were harvested with protein-A (for rabbit antibodies) or protein-G (for mouse antibodies) beads. Samples were then eluted with a SDS sample buffer and separated by SDS-PAGE. Western blot was done as described previously .
Sensory-Motor Neuron Cocultures and Electrophysiological Recordings
Cell cultures were performed as previously described (Schacher and Proshansky, 1983) . The excitatory postsynaptic potential (EPSP) was measured in LFS motor neurons cocultured with sensory neurons as reported .
Microinjection of DNA Constructs or dsRNAs into the Aplysia Neurons
Microinjection into Aplysia neurons was performed as described previously (Kaang et al., 1992) . All expressed genes were subcloned into the neuronal expression vector pNEXd. dsRNAs were synthesized by in vitro transcription using MEGAscript RNAi kit (Ambion).
5-HT Applications and Immunocytochemical Analysis
5-HT was applied either in a cell-wide (10 mM in final concentration) or in a synapse-specific manner as previously described . Drug treatments and immunocytochemical analysis were done in a blind manner. To assess nuclear localization of endogenous CAMAP, neurons were fixed immediately after the application of five pulses of 5-HT with either PLP (Paraformaldehyde/Lysine/Periodate) fixative (for endogenous proteins) or 4% paraformaldehyde in PBS (for overexpressed proteins). For nuclear staining, propidium iodide (PI, 50 mg/ml; Sigma) or 4 0 -6-diamidino-2-phenylindole (DAPI, 50 mg/ml; Molecular Probes) was treated for 20 min at room temperature.
ChIP
ChIP assay was performed as described previously (Guan et al., 2002) with some modifications (see Supplemental Data). Quantitative realtime PCR was performed using an ABI Prism 7700 sequencedetection system in the presence of SYBR-Green (Applied Biosystems). Relative quantification of the template was done as described in the manufacturer's manual.
EMSA
The EMSAs were performed as described previously . DNA probe of ApC/EBP promoter was generated by PCR and tested for the binding of recombinant proteins.
Aplysia One-Hybrid Analysis and Luciferase Reporter Assay Aplysia one-hybrid analysis is based on the Gal4 DNA-binding domain fused to CAMAP proteins and Gal4-LacZ reporter system. Constructs were made as previously described (Kaang et al., 1993) . For luciferase reporter assay, firefly and Renilla luciferase activity was measured by the Dual-Glo Luciferase Assay System (Promega).
In Situ Hybridization in Cultured Aplysia Sensory Neuron
In situ hybridization was performed as described previously . Cultured Aplysia sensory neurons were hybridized with DIGlabeled ApC/EBP mRNA antisense probe. The cell images were acquired using a Nikon DIAPHOT microscope attached to a Nikon 995 camera system. The mean pixel intensity in the cell bodies was calculated using the histogram function of Photoshop (Adobe) software.
Statistical Analysis
The results are expressed as means ± SEM. 
